Coupled cluster calculations with a carefully designed basis set have been performed to obtain both static, ␣, and dynamic at 514.5 nm, ␣͑514.5 nm͒, dipole polarizability surfaces of water. We employed a medium size basis set ͑13s10p6d3f /9s6p2d1f͓͒9s7p6d3f /6s5p2d1f͔ consisting of 157 contracted Gaussian-type functions that yields values near the Hartree-Fock limit for ␣ ͓G. Maroulis, J. Chem. Phys. 94, 1182 ͑1991͔͒. The ␣ and ␣͑514.5 nm͒ surfaces were able to reproduce all the experimentally available information about the dipole polarizability of water, especially the Raman spectra of gaseous H 2 O, D 2 O, and HDO. Vibrational averages for the dipole polarizability of water molecule are also reported.
I. INTRODUCTION
The current interest in the dipole polarizability of water is reflected in several experimental and theoretical studies reported in recent years. Important areas of application include spectroscopic investigations, 1,2 simulation studies, 3, 4 treatments of the intermolecular interactions, 5, 6 and investigations on the weakly bound van der Waals complexes of this important molecule. 7, 8 Water dipole polarizability derivatives with respect to the internal motions of the nuclei find their main application in the calculation of the rotationvibration Raman spectra and to account for nonlinear electroptical effects. 9 Moreover, they are necessary in the theoretical study about the intramolecular dependence of the potential surface of the dimer ͑H 2 O͒ 2 , and for the analysis of its infrared 10 and Raman spectrum in the region of the fundamental vibrations of the monomers.
Various aspects about the theoretical determination of molecular electric polarizabilities have been examined in some depth in comprehensive reviews. 11 The accuracy of ab initio calculations of dipole polarizabilities critically depends on elements of several categories, to mention: basis sets, electron correlation, frequency dependencies, and vibrational corrections. Basis sets evidently need the flexibility to represent correctly any polarization of the electronic cloud and therefore they should describe the tail regions of electron distribution properly. Electron correlation has been found to be essential for many molecules since it could affect the self-consistent-field values beyond 10%. The experimental data like the rotation-vibration Raman spectra and the refractive index measurements always refer to frequency dependent processes and they are related to dynamic dipole polarizabilities. The extrapolation to zero frequency may be a satisfactory alternative, but it often introduces problems for the comparison between theory and experiment and it is therefore preferable to carry out calculations of dynamic dipole polarizabilities. Finally, the importance of vibrational corrections for molecular electric properties like the dipole polarizability has become well known and accepted since Bishop first drew particular attention to it, 12 and several articles have devoted to this topic. 13 We report here the ab initio static, ␣, and dynamic at 514.5 nm, ␣͑514.5 nm͒, dipole polarizability surfaces of water for the first time. The quality of the ␣͑514.5 nm͒ surface presented here has been checked through an accurate simulation of the rotation-vibration Raman spectra of gaseous H 2 O, D 2 O, and HDO. [14] [15] [16] The paper is organized as follows: in the following section we discuss the basis set, the internal nuclear coordinates, the axis system, and two different methods for obtaining ab initio dipole polarizabilities. In Sec. III, we analyze the quality of the basis set and the electron correlation effects, present the dipole polarizability surfaces, and discuss comparison with experimental data. In Sec. IV, vibrational averages of the dipole polarizability for H 2 O, D 2 O, and HDO are reported. Finally, in Sec. V, we give some conclusions.
Unless otherwise indicated, atomic units for dipole polarizability, length, and energy are used throughout this paper. The relevant conversion factors from atomic to SI units are a 0 = 0.529 177 249ϫ 10 −10 m for length, E h = 4.359 748 2 ϫ 10 −18 J for energy, and e 2 a 0 2 E h −1 = 1.648 778 ϫ 10 −41 CV −1 m 2 for the dipole polarizability.
II. THEORY AND COMPUTATIONAL DETAILS
In this work, we aim at obtaining dipole polarizability values at high levels of theory using an optimized basis set consisting of Gaussian-type functions ͑GTFs͒ that yields electric properties of near-Hartree-Fock quality. Thus, our post-Hartree-Fock calculations use as starting point high quality zeroth-order wave functions. The choice of suitable basis sets has been recognized as a key factor in molecular property calculations, 17 but choice is always based on empirical arguments for their use in theoretical predictions of most types of properties. With this idea on mind, our ab initio calculations have been performed in order to get accurate simulations of the rotation-vibration Raman spectrum of water with an acceptable computational expense. The W 6 basis set ͑13s10p6d3f /9s6p2d1f͒ ͓9s7p6d3f /6s5p2d1f͔ that we have used to calculate the static and dynamic at 514.5 nm dipole polarizability surfaces was built up adding a f-GTF on hydrogen atoms with exponent 0.1a 0 −2 and a f-GTF on oxygen atom with exponent 0.2a 0 −2 to the W 5 basis set presented by Maroulis. 18 Six larger basis sets KT3, KT4, PA, PA1, PA2, and PA3 were used in order to study electron correlation and basis set truncation effects. PA is a large ͑18s13p8d5f /12s7p3d2f͒ basis set consisting of 256 GTFs reported by Maroulis. 19 KT3, KT4, and PA1 basis sets were built up adding Maroulis's optimized GTFs ͑Ref. 19͒ upon strong substrates. The first substrate is an uncontracted set of ͑10s6p3d /7s3p͒ GTFs from the atomic natural orbitals basis set ANO-S. 20 The second substrate is a larger uncontracted set of ͑14s9p4d3f /8s4p3d͒ GTFs from the atomic natural orbitals basis set ANO-L. 21, 22 Exponents for ͑10s6p3d /7s3p͒ and ͑14s9p4d3f /8s4p3d͒ substrates can be found in Ref. 23 . Finally, PA2 and PA3 basis sets were built up adding additional GTFs upon PA basis set 19 in an even-tempered way. Five and seven membered d and f GTFs were used in all cases. The composition of KT3, KT4, PA1, PA2, and PA3 basis sets are as follows ͑exponents in a 0 −2 ͒: The electron correlation corrections for the dipole polarizability were evaluated via coupled cluster ͑CC͒ techniques. Suitable presentations of these tools and their applications for predicting molecular properties are available in standard textbooks. 24, 25 In this work, all molecular orbitals were accessible in post-Hartree-Fock calculations.
The GAUSSIAN98 ͑Ref. 26͒ and DALTON ͑Ref. 27͒ packages were employed in the present calculations to obtain ab initio dipole polarizabilities. Two different methods were used. As first alternative, we have used the orbital-relaxed finite field method 28, 29 implemented in GAUSSIAN98 and DALTON, where the molecule is perturbed by external homogeneous electric fields of strength ±0.0050e −1 a 0 −1 E h and ±0.0075e −1 a 0 −1 E h . Thus, the static dipole polarizabilities are determined as the numerical second derivatives of the total electronic perturbed energy with respect to the strength of the external electric field. In the orbital-relaxed finite field method the electric perturbation is included in the calculation of both the self-consistent-field ͑SCF͒ reference state and the CC contribution. As second alternative, we have used the linear response function for coupled cluster wave functions 30 implemented in DALTON. Response functions describe how an observable represented by an hermitican operator responds to a time-dependent field. The response can be linear in the field, in which case we have the linear response function. If the operator is the electric dipole operator and the time-dependent field is a periodic electrical field then the linear response function is the dynamic dipole polarizability. It is important to stress that CC linear response dipole polarizabilities in the frequency-independent limit ͑at = ϱ͒ coincide with the orbital-unrelaxed finite field result, 27 where the perturbation of the external electric field is only included in the CC part of the ab initio calculation.
The ab initio dipole polarizabilities presented here are always referred to a molecule-fixed xyz axis system with origin at the oxygen atom. The x and z axes are contained in the molecular plane, where the x axis bisects the bond angle and the z axis points toward H atom numbered as 1 ͑Ref. 31͒ ͑see Fig. 1͒ . Dipole polarizability is independent of the origin, even for ions. 32 The dependence of the Cartesian components ␣ mn of the dipole polarizability was expressed as a power series in the symmetry curvilinear displacements 33 In addition to the Cartesian components we compute also the mean, ␣ , and the anisotropy, ⌬␣, of the dipole polarizability, defined for symmetric tensors as
In order to compare our results with previous work, we have calculated the Raman intensities for the fundamental vibrational bands of H 2 O molecule. They are defined by the intensity activity coefficient I,
and the depolarization ratio ,
␣ Ј and ⌬␣Ј 2 are expressed as
where ‫␣ץ͑‬ nm / ‫ץ‬Q i ͒ eq are the first derivatives of the Cartesian components of the dipole polarizability at the equilibrium geometry with respect to the mass-weighted normal mode coordinate Q i associated to the fundamental frequency i . In this approximation, the contributions to vibrational Raman intensities form higher derivatives of ␣ nm with respect to the normal mode coordinates and rotation-vibration coupling are neglected.
III. RESULTS

A. Dipole polarizability surfaces
The calculations were initiated by a basis set convergence study of the SCF static dipole polarizability at four C 2v symmetry geometries: ͑1°͒ R 1 = R 2 = 0.958 43 Å and = 104.44°; ͑2°͒ R 1 = R 2 = 0.798 43 Å and = 74.44°; ͑3°͒ R 1 = R 2 = 1.118 43 Å and = 134.44°; ͑4°͒ R 1 = R 2 = 1.200 00 Å and = 180°. The results are given in Table I using the correlation-consistent basis sets aug-cc-pVXZ ͑X =D,T,Q,5,6͒ developed by Dunning et al. 34 and the W 6 basis set. The closeness of the present SCF/ W 6 values of the static dipole polarizability to the Hartree-Fock limit is evident. Accordingly, we can conclude that W 6 basis set quality does not seem to vary for large nuclear displacements from the equilibrium geometry.
The second step was a study about electron correlation effects. In Table II we present linear response CCSD/ W 6 and orbital-relaxed finite field CCSD͑T͒ /W 6 static dipole polar- izabilities at different geometries. These calculations point that linear response CCSD and orbital-relaxed finite field CCSD͑T͒ results are close within 0.8%, although this coincidence cannot be extrapolated to other molecules. In Table  III we show an analysis of electron correlation corrected values at the experimental equilibrium geometry, R 1 = R 2 = 0.9572 Å and = 104.52°, using different coupled-cluster models with W 6 , PA, and KT4 basis sets. It must be noticed that orbital-unrelaxed CCSD and CCSD͑T͒ static values are also close within 0.8%. At the same time, it is also observed in Table III that a higher quality coupled-cluster model than CCSD and CCSD͑T͒ such as CC3 yields larger dipole polarizabilities employing the orbital-relaxed finite field method. Spelsberg and Meyer 35 reported both static and dynamic at = 514.5 nm values calculated with the single-excitation multireference CI ͑SE-MRCI͒ model, and static values for a large number of correlation methods provided by the MOLPRO program suite. They used a medium size basis set ͑14s10p5d4f1g /13s4p3d͒ at a molecular geometry obtained by averaging over the zero-point vibration, R 1 = R 2 = 0.9724 Å and = 104.63°. Their theoretical predictions are presented with ours in Table IV . From a comparison of the CCSD͑T͒ results in Table IV , we can conclude that both ͑14s10p5d4f1g /13s4p3d͒ and W 6 basis sets have a similar quality. For this reason, the ab initio calculations published by Spelsberg and Meyer 35 help us as a guide about the accuracy of the electron correlation corrections obtained with the CCSD model and linear response theory.
The third step was a study about basis set truncation effects. With this intention, we have calculated orbitalrelaxed finite field static dipole polarizabilities using the CCSD͑T͒ model with POL1, 36 uncontracted Nasa-ames-ANO ͑13s8p6d4f2g /8s6p4d3f͒, 37 aug-cc-pVXZ ͑X =D,T,Q,5͒, 34 daug-cc-pVXZ ͑X =D,T,Q,5͒, 34 KT3, KT4 PA, PA1, PA2, and PA3 basis sets. The results are shown in Table V . It should be noticed that the aug-cc-pV5Z basis set yields a lower electron correlation correction than the PA1 and KE4 basis sets although its SCF values are close to the Hartree-Fock limit, Table I . This would explain the too low theoretical estimation for the mean dipole polarizability ␣ = 9.3 suggested by Feller. 38 Another conclusion from Table V is that aug-cc-pVXZ ͑X =D,T,Q,5͒ and daug-cc-pVXZ ͑X =D,T,Q,5͒ series converge to neither similar dipole polarizabilities nor the values obtained with KT4 and PA1 basis sets. On the other hand, the CCSD͑T͒ static dipole polarizabilities calculated with W 6 and PA basis sets are similar because they were designed following the successful computational philosophy explained by Maroulis 18,19,39,40 for ob- taining static dipole polarizabilities of Hartree-Fock quality. However, the dipole polarizabilities obtained with these two basis sets W 6 and PA are a little larger than those calculated with KT4 and PA1 basis sets since they can generate an electronic distribution too diffuse. It can also be observed in Table V that when we proceed to saturate PA basis set, as we have done with PA2 and PA3 basis sets, dipole polarizabilities begin to decrease to the values obtained with PA1 and KT4 basis sets. Finally, from the calculations presented in Table V we can state that well calibrated basis sets are needed to obtain accurate ab initio dipole polarizability surfaces with an acceptable computational effort; e.g., daug-ccpV5Z basis set would be an excellent choice but it has 373 contracted GTFs and it is not practical for calculating the ␣ and ␣͑514.5 nm͒ surfaces for the time being. Moreover, basis sets just optimized for ground electronic energies may lead to rather poor dipole polarizabilities; see the results obtained with the uncontracted Nasa-Ames-ANO basis set in Table V .
As conclusion from this study about electron correlation and basis set truncation effects, our linear response dipole polarizabilities calculated at the CCSD/ W 6 level of theory decrease slightly if we saturate well calibrated basis sets like PA and increase slightly if we take into account high-level electron correlation effects beyond the CCSD model: see Table III . For these two reasons, and considering the results reported by Spelsberg and Meyer 35 with sophisticated correlation models, there exists probably a cancellation of electron correlation and basis set truncation errors. This circumstance would mean that our linear response CCSD/ W 6 dipole polarizability values are close to the full-CI/CBS limit within 4%. Thus, the mean polarizabilities and anisotropies calculated at this level of theory could be accurate to ±2% and ±10%, respectively.
The last step in our ab initio calculations was to obtain the linear response CCSD/ W 6 dipole polarizability surfaces of water molecule at = ϱ ͑zero frequency͒, ␣, and at = 514.5 nm, ␣͑514.5 nm͒, in a grid of 521 points along the 
B. Comparison with experimental data
In order to compare properly our theoretical predictions with experimental data we need to have accurate rovibrational wave functions for H 2 O, D 2 O, and HDO molecules. They have been calculated from the diagonalization of a complete rovibrational Hamiltonian 41,42 using the isotope dependent potentials of Partridge and Schwenke, 43 more details can be found in previous work. 14, 15 With these wave functions and the ␣͑514.5 nm͒ surface calculated at the CCSD/ W 6 level of theory we have reproduced satisfactorily all the experimental data of the molecular polarizability of water molecule available to date: ͑i͒ absolute value of the dynamic at 514.5 nm mean dipole polarizability ␣ ͑514.5 nm͒ = 10.343 ͑obtained from the molar refractivity 44 at low temperature and zero density͒, ͑ii͒ depolarization ratio = ͑2.99± 0.45͒ ϫ 10 −4 and coefficient R 20 = 0.75± 0.05 of the rotational Raman spectrum of H 2 O, 45 ͑iii͒ rotational Raman The dipole polarizability surface beyond the "equilibrium" geometry has been tested through the vibrational Raman spectrum, points ͑iv͒ and ͑v͒ above. The depolarization ratios of the 1 and 3 vibrational Raman bands of H 2 O, D 2 O, and HDO proved especially difficult to reproduce because they are very sensitive to small changes of the Cartesian components of the dipole polarizability derivatives relative to each others. The CCSD/ W 6 ␣͑514.5 nm͒ surface was able to reproduce all the rovibrational Raman spectra of the isotopic species H 2 O, D 2 O, and HDO, including depolarization ratios. Previous attempts employing Møller-Plesset perturbation theory with the aug-cc-pVTZ and aug-cc-pVQZ basis sets failed to reproduce them with the same precision. It must be stressed that the simulation of the rotationvibration Raman spectra is a very tough test. These spectra consist of hundreds of transitions for H 2 O at room temperature and correspondingly more for D 2 O and HDO, [14] [15] [16] while the intensities spread over two orders of magnitude.
We have also calculated the Raman intensities and depolarization ratios, Eqs. ͑9͒ and ͑10͒, of the 2 , 1 , and 3 vibrational bands of H 2 O molecule using the ␣͑514.5 nm͒ surface at the CCSD/ W 6 level of theory. Mass-weighted normal mode coordinates were obtained from a GF analysis for the H 2 O potential of Partridge and Schwenke. 43 These intensities and the experimental frequencies 46 are presented in Table VIII . They are also compared with theoretical predictions at different levels of theory [47] [48] [49] and the experimental estimations determined by Murphy.
50, 51 The discrepancy between the theoretical predictions and the experimental estimation of the total Raman scattering cross section of 3 vibrational band has been discussed in Ref. 16 in some detail.
IV. VIBRATIONAL AVERAGES
We have calculated the vibrational averages to the dipole polarizability for the six lowest energy vibrational states of H 2 O, D 2 O, and HDO molecules. The vibrational average of a molecular property P may be determined from its expectation value
͑11͒
for the vibrational wave function ⌽ = c 0 ⌽ 0 + cЈ⌽Ј, where ⌽ 0 is the main harmonic contribution to ⌽. P e is the value of P at the equilibrium geometry, ͗P͘ ZPVC is the zero-point vibrational correction of the ⌽ wave function to P. ͗P͘ H ZPVC = ͗⌽ 0 ͉P − P e ͉⌽ 0 ͘ is the ZPVC due to the harmonic part of wave function ͑mechanical harmonicity͒ while ͗P͘ A ZPVC = ͗P͘ − P e − ͗P͘ H ZPVC is the ZPVC due to the anharmonic part of the wave function ͑mechanical anharmonicity͒. The zero vibrational point corrections ͗P͘ H ZPVC calculated in this work are not null since our dipole polarizability surfaces contain second and higher derivatives of ␣ and ␣͑514. 54 at the CPHF/POL1 level of theory. Curiously, the r = ͗␣ ͘ ZPVC / ␣ eq ratios for H 2 O molecule are similar at the CCSD/ W 6 ͑r = 0.032͒, CPHF/ POL1 ͑r = 0.030͒, 54, 55 MP2/POL1 ͑r = 0.030͒, 52 and MCSCF/ ANO ͑r = 0.030͒ 53 levels of theory, but they are different to the value obtained at the MCSCF ͑CAS1= 4220 configurations͒/P3 = ͓8s5p3d1f /4s2p1d͔ ͑r = 0.037͒ ͑Ref. 56͒ level of theory. Our mean static dipole polarizability averaged for the vibrational ground state of H 2 O molecule is ͗0 J=0 ͉␣ ͉0 J=0 ͘ = 9.94 and it compares relatively well with the experimental estimation ␣ = 9.83± 0.02 referenced by Russell and Spackman. 52 This latter value was obtained from an extrapolation to = ϱ of gas-phase refractive index measurements at different wavelengths less than 900 nm that did not take account contributions from the dipole-allowed transitions at infrared and longer wavelengths. 57 The contribution of these neglected transitions is expected to be significant at Ͼ900 nm. Thus, it is arguable to distrust on the error margins of the experimental estimation ␣ = 9.83± 0.02 by Russell and Spackman. 52 An example that would support this affirmation is the ͗0 J=0 ͉␣ ͉0 J=0 ͘ = 9.86 value at the MCSCF ͑CAS1͒/P3 level of theory reported by Luo et al., 56 close to this experimental estimation. MCSCF ͑CAS1͒ is a lower order electron correlation model than CCSD. At the contrary, their ͉0 J=0 ͘ vibrational wave function 56 is almost identical to that presented in Eq. ͑12͒ and both P3 and W 6 basis sets have a similar quality somehow. 18 As conclusion, this good agreement would point that the error margins for the experimental estimation of ␣ should be larger than those published by Russell and Spackman.
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V. CONCLUSIONS
We have presented static and dynamic at 514.5 nm ab initio linear response dipole polarizability surfaces of water using the CCSD model with a basis set of near-Hartree-Fock quality. The ␣͑514.5 nm͒ surface reproduced satisfactorily all the experimental data of the molecular polarizability of the water molecule available to date, though it could be due to a cancellation of electron correlation and basis set truncation errors, as was discussed in Sec. III A. From the simulations of the rotation-vibration Raman spectra, we have confirmed that basis set quality is a decisive factor to calculate accurate ab initio dipole polarizability surfaces with an acceptable computational expense. A detailed analysis of the vibrational averages has been also carried out. This work shows that the corrections due to the harmonic and anhar- 
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